We studied the effects of 172 nm Xe 2 * excimer lamp irradiation on polyethylene terephthalate (PET) surfaces. Two kinds of techniques were applied: vacuum ultraviolet (VUV) light irradiation and VUV irradiation in the presence of oxygen gas (VUV/O 3 ). The modified PET surfaces were investigated by using contact angle measurements which enabled the surface free energy to be calculated, X-ray photoelectron spectroscopy (XPS), nano-thermal analysis (nano-TA), and atomic force microscopy (AFM). The surface free energy increased significantly after the treatments. The results of XPS analysis showed that the elemental ratio of oxygen on the surface increased, whereas that of carbon decreased. From the deconvoluted C1s and O1s spectra, it was revealed that new oxidized functional groups such as alcoholic and carboxyl groups were generated. The nano-TA results showed that a low melting temperature (T m ) layer had formed on the VUV and VUV/O 3 treated PET surfaces. The results of AFM measurements showed there were no remarkable changes after the treatments compared with untreated PET. In summary, the VUV and VUV/O 3 treatments using a Xe 2 * excimer lamp not only change the surface functionalities but also reduce the T m of the PET surfaces without significantly affecting the surface morphologies.
Introduction
Polyethylene terephthalate (PET) films have been widely used in flexible substrates for organic light emitting diode (OLED) displays, [1] tactile sensors, [2] and roll to roll UV imprint lithography [3] because they have attractive properties, including a high melting temperature, low dielectric constant, and good mechanical strength. On the other hand, the low surface free energy and the chemical inertness of the PET often lead to poor adhesive bonding and poor adhesion of printing and coatings in practice.
Surface modification techniques such as ion implantation, [4] laser ablation, [5, 6] plasma treatments, [7] [8] [9] [10] [11] [12] ultraviolet-ozone (UV/O 3 ) cleaning, [13] and wet-processes [14] have been utilized to overcome this problem. Most of these processes can change the wettability and the chemical functional groups while increasing the surface roughness. It is essential for the surface modification of the polymers to affect the uppermost surface layer only and not alter the bulk properties.
Recently, irradiation with UV excimer lamps for the photochemical modification has been attracted attention. Several polymers have been modified by using UV excimer lamps at different wavelengths, such as 126 nm using Ar 2 *, [15] 172 nm using Xe 2 *, [16] [17] [18] and 222 nm using KrCl* [19] in various gas environments. Additionally, vacuum ultraviolet treatments using Xe 2 * excimer lamps were utilized to improve the bond strength of the flip chip and three dimensional (3D) interconnections. [20] [21] [22] UV lamps can provide large area exposures and short reaction times at low temperature and only require simple and inexpensive apparatus. However, the surface modification effects depend on the lamp parameters such as the wavelength and the intensity as well as on the chamber pressure and atmosphere.
In this study, PET films were modified by using a 172 nm Xe 2 * excimer lamp. Two kinds of treatment techniques were applied. The first was vacuum ultraviolet (VUV) light irradiation, and the other was VUV irradiation in the presence of oxygen gas (VUV/O 3 ). [23] The contact angles were measured to evaluate the wettability and to calculate the surface free energy. The surface chemical structures were investigated in detail by X-ray photoelectron spectroscopy (XPS). Nano-thermal analysis (nano-TA) was used to evaluate the local thermomechanical properties of the uppermost surface layer. The surface morphologies were analyzed by atomic force microscopy (AFM).
Experimental Procedure

Material
Commercial, 50 μm thick PET film (Teijin DuPont Films Japan Ltd., G2) was used. The chemical structure of the PET is shown in Fig. 1 . The film was cut into 10 × 10 mm 
Surface treatments
The VUV and VUV/O 3 treatments of the PET films were carried out using the Xe 2 * excimer lamp source (Ushio The chamber was not evacuated, and the chamber pressure was kept at 500 mbar during the VUV/O 3 process.
Because VUV irradiation was used instead of UV light, high-density ozone and excited oxygen atoms O( 1 D) were generated from O 2 , and these could react with organic molecules on the polymer surface.
Contact angle measurements and surface free energy calculation
The surface free energy of the PET was characterized by the contact angles. The contact angles on the PET surfaces were obtained using a contact angler (Kyowa Interface Science Co. Ltd., LCD-400S) and the sessile drop method. The surface free energy of the PET can be determined by using Young's equation, which can be written as follows [24] :
where θ is the contact angle, γ s is the surface free energy of the solid, γ l is the surface tension of the liquid, and γ sl is the interfacial energy between the solid and liquid. According to Owens-Wendt theor y, [25] γ s , γ l , and γ sl can be expressed as follows:
where γ s p and γ l p are the polar components, and γ s d and γ l d are the dispersive components of the solid and liquid.
Equation (5) can be obtained from Eqs. (1)- (4).
When 
XPS analysis
The surface composition and chemical bonds of the PET were investigated using XPS (JEOL Ltd., JPS-9100TR).
The X-ray source and the applied power were MgKα (1253.6 eV) and 100 W (10 kV and 10 mA), respectively.
The photoelectron take-off angle was fixed at 90°. The wide and high resolution scans were measured at pass energies of 50 eV and 10 eV, respectively. The surface elemental ratios were determined from the peak areas of the O1s and C1s spectra. The curve fitting was performed with a Gaussian/Lorentzian ratio of 70/30 using peak-fitting software (JEOL Ltd., SpecSurf) after a Shirley-type background subtraction.
Nano-TA
The nano-TA is an AFM-based analysis technique used to determine the thermomechanical properties of materials. [26] [27] [28] In this method, a thermal probe placed in contact with the sample surface is heated. As the temperature rises, the deflection of the probe increases initially due to local thermal expansion of the substrate, and then decreases when the sample temperature reaches the softening temperature, which is a glass transition temperature (T g ) for amorphous polymers or a melting temperature (T m ) for semi-crystalline polymers. In this study, a nano-TA system (Anasys instruments Co., nano-TA) combined with AFM (Agilent Technologies Inc., 5500AFM) was used to evaluate the T m of the PET surfaces before and after treatments. The measurements of the local thermal analysis (LTA) were performed using a heating rate of 10°C/s at five different locations on each sample.
AFM
The morphology of the PET was investigated by using AFM equipment (Shimadzu Co., SPM-9600) in dynamic
mode. An area of 2 × 2 μm 2 was scanned in the air at room temperature. A root mean square surface roughness (R ms ) was obtained from the AFM images. 
Results and Discussion
Contact angles and surface free energy
XPS
The surface elemental ratios of the PET before and after treatments are listed in Table 2 . The treatment times of the VUV were 30 s and 60 s, while those of VUV/O 3 were 60 s In order to analyze the surface functional groups in more detail, the C1s and O1s spectra were deconvoluted.
All spectra were referred to the C1s neutral carbon peak at 
